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From equilibrium lamellae to out-of-equilibrium cylinders in triblock copolymer nanolayers obtained via multilayer coextrusion
Introduction
Block copolymers (BCPs) display an ability to self-assemble [1] . Most polymer pairs are immiscible with each other and tend to phase separate when blended together [2] . In the case of BCPs, because of the covalent bonds between the segments, a macrophase separation cannot be reached, and they micro (or rather nano) phase separate, developing well-ordered structures with typical dimensions of a few tens of nanometers [3, 4] .
Various morphologies can be reached at the thermodynamic equilibrium, according to the well-known phase diagram which depends on the Flory interaction parameter (c) and the degree of polymerization (N) of the BCP on one side, and on the volume fraction (f) of the blocks on the other [3, 4] .
The variety of morphologies theoretically achievable and their typical sizes make BCPs attractive for many applications such as soft nanolithography, nanomembranes, or as toughening agents in nanoblends [5, 6] . Most of the applications require a high level of control not only of the morphologies but also of the nanodomains order [5, 6] . However, while self-assembling, the nanostructures grow randomly with a periodical order maintained only over some micrometers and develop usually a polygrain structure.
Several intrinsic (such as the polymer architecture, the block symmetry, the conformational asymmetry, the fluctuation parameter or the dispersity), or extrinsic (confinement or shear) factors have been showed to influence the block copolymer morphologies by impacting the phase diagram (i.e. the equilibrium morphology with regard to the copolymer composition) and/or the orientation of the nanodomains, and in some cases by allowing the block copolymers to achieve out-of-equilibrium but still well-defined morphologies.
Amongst the intrinsic parameters, for instance, the architecture of the polymer chain (stars, branched, or comb-like copolymers) influences the shape of the phase diagram [7] . The phase diagram of symmetric triblock copolymers differs from that of a diblock in the Weak Segregation Limit (WSL) resulting in a lower critical cN while the available set of thermodynamic morphologies remains similar [8] . Higher dispersities have also shown to greatly impact the phase diagram [7,9e15] , which needs to be accounted for when comparing the morphology of polydisperse BCPs to monodisperse analogues. For instance, Matsen [14] predicted through selfconsistent field theory that a 50-50 AB-type diblock copolymer having a dispersity of 2 for block A would not show the expected lamellar morphology. The influence of the dispersity on the morphology has been experimentally confirmed by several studies, for example by Lynd and Hillmyer [11e13] . This may be of importance when working with commercial BCPs synthesized via controlled radical polymerization.
A widely studied extrinsic factor impacting BCP self-assembly is confinement. When the typical size of the confining medium becomes comparable to the BCP size or the nanodomain size, interfacial interactions between the BCP and the substrate can influence the equilibrium morphology, with new ones possibly arising over the bulk ones [16e19], and nanodomains orientation [20, 21] .
Imposing shear rate to the BCPs during self-assembly is also known to influence the orientation of the morphology [22e26], as well as the morphology itself [27, 28] , especially in the vicinity of the order-disorder transition temperature (T odt ). For instance, at low cN (~20) and centered f ¼ 0.6, the modulated (HML) and perforated (HPL) layered structures with hexagonal symmetry have been observed [29] . These metastable morphologies appear to be sensitive to shearing and thus transform into out-ofequilibrium cylinders oriented in the flow direction when heated and sheared [30] . These shear-induced morphology changes have also been observed for gyroid morphology (into cylinders) [31, 32] and cylinders into body-centered cubic (BCC) spheres [33, 34] .
Various methods, such as solvent or temperature annealing sometimes combined with shearing or other external fields (electric, magnetic…), are commonly employed efficiently to create long-range ordering in thin films or in the bulk but are slow and potentially complex or costly as far as industrial applications are concerned or large amounts of materials needed [5,35e37] . In this study, we look at both confinement and shear rates effects on the morphology and orientation of a disperse symmetric lamellar BCP, poly(methyl methacrylate-b-butylacrylate-b-methyl methacrylate) (MAM) confined by PMMA through an innovative process, nanolayer coextrusion, without additional thermal annealing (i.e., in an out-of-equilibrium state).
Multilayer coextrusion is derived from coextrusion but allows the fabrication of films made of thousands of alternating layers of different polymers with thickness theoretically tuned down to a few tens or even a few nanometers (hence, this process may be named nanolayer coextrusion). The polymers flows pass through a series of layer multiplying elements (LME) which each multiplies the number of layer by two (based on the so-called baker's transformation). This processing tool has been mainly developed by Baer to combine immiscible polymer pairs into unique multilayer structures [38e41]. Korley used it to confine a symmetric triblock, poly(styrene-b-ethylene-co-propylene-b-styrene) (SEPS) having a rubbery middle block and a cylindrical morphology with two different confiners, namely polystyrene (PS) and poly(methyl methacrylate) (PMMA) [42e44] . In their work, the number of layers remained constant (257) but the layer thickness changed [45] . The authors also showed that these BCPs could be extruded below their T odt , i.e. with their elastic contribution higher than their viscous one. The resulting materials displayed anisotropic mechanical properties due to a higher degree of orientation of the cylinders in the extrusion direction. Their work also showed that the packing of the cylinders was improved with the reduction of the layer thickness, especially after long times annealing [42e44]. A last article showed similar results for a spherical triblock (SEBS) extruded above T odt [46] . Nanolayer coextrusion has been developed in our lab [47e50] and also used recently to confine an asymmetric BCP poly(styreneb-butadiene-b-methyl methacrylate) (SBM) with an incompatible matrix (polycarbonate PC) [51] . It was shown that as the triblock layer thickness decreases and the draw ratio increases, the triblock morphology is constrained into a preferential orientation and higher long-range order is observed [51] .
In this study, the effect of processing parameters on the resulting morphologies has been studied. Long-range order within the confined layers is achieved (and can be to some extent controlled via the processing parameters) on large scales of material through an industrially relevant process, similar to previous studies [42e44, 46, 51] . More surprisingly and rarely observed experimentally (and to the best of our knowledge for the first time in a materials engineering context), it is shown that nanolayer coextrusion favors through shearing and "soft" confinement a cylindrical morphology over a lamellar one more thermodynamically favored. This morphology is clearly defined despite the short processing time, with a degree of ordering improved with increased confinement. It is also observed that similar layer thicknesses obtained through different processing routes lead to slightly different packings of the cylinders. This study shall be of help for applications such as mechanical toughening where a control of the morphology is necessary but difficult to achieve with classical processing tools.
Materials and methods

Materials
Poly(methyl methacrylate-b-butyl acrylate-b-methyl methacrylate) (PMMA-PBA-PMMA or simply MAM) lamellar triblock copolymer was gratefully supplied by Arkema from their Nanostrength scans on a Bruker apparatus at 300 MHz (data not shown). A final composition of 23-54-23 wt% was obtained, in good agreement with the supplier information (23.5-53-23.5 wt%, i.e. a volume fraction of 56% of PBA and 44% of PMMA using the densities of the two polymers [9] ), which should lead to a lamellar morphology. The T odt can be identified by rheology as a critical temperature at which the value of the storage modulus (G 0 ) drops precipitously. The MAM T odt was higher than 240 C, G 0 being higher than the loss modulus (G 00 ) during the whole frequency sweep. Poly(methyl methacrylate) VM100 was purchased from Altuglas International and used (as received) as a confining polymer. Its melt flow index (MFI) is 14.5 g/10 min (230 C/3.8 kg) as provided by Altuglas International. The molecular weight M w ¼ 139 kg/mol and dispersity Ð M ¼ 2.1 were obtained using a Waters 717 þ GPC at 35 C with PMMA standards and THF (Alfa-Aesar, purity: 99%) as an eluent. The PMMA grade was chosen so the two polymers have similar viscosities at the temperature process (225 C) and shear rates (3e20 s
À1
). In this range of shear rates, assumed to be those in the LMEs, the viscosity ratio remains between 0.51 and 0.84, as measured with an Anton-Paar MCR 502 rheometer via a frequency sweep test (strain amplitude fixed at 1%) at the extrusion temperature under a nitrogen atmosphere (see supporting information, figure SI-1).
Prior to extrusion, MAM and PMMA VM100 pellets were separately dried in a SOMOS dry air T20 eco system at 80 C for 24 h.
Films preparation 2.2.1. Nanolayer coextrusion
Films were fabricated using LMEs at the end of a classical trilayer coextrusion set-up with MAM as the middle layer of the trilayer flow and PMMA as outer layers. The processing route consists of two single screw extruders, a 3-layer coextrusion feedblock (ABA), LMEs in a series disposition, a flat die-end film, and a thermally regulated chill roll. A 20 mm-diameter Scamex extruder was used for each polymer, set to 90% PMMA for 10% MAM (wt%) by adjusting the screw speeds of each extruder to control the throughput. This proportion was somewhat arbitrarily chosen but allows varying the confined layers thicknesses between a few tens and a few hundreds of nm by varying either the LMEs and/or the draw ratio within reasonable ranges. The whole set-up (extruders, feedblock, and LMEs) temperature was set to 225 C i.e. below the MAM T odt . The theoretical number of alternating layers (N) in the film is determined by the number of LMEs (n) from the equation
Depending on the targeted thickness of the confined MAM layers, 8 (513 total layers) or 9 (1025 total layers) LMEs were used. After the flat die, the films were drawn with a chill roll at 80 C. Draw ratio (Dr) is defined as the ratio of the chill roll speed over extrusion flow rate at flat die and ranges from 1 to 10 (with a chill roll speed ranging from 80 to 1000 cm/min) (see Fig. 1 ). The typical total film thickness ranges from 100 mm (high Dr) to 1 mm (low Dr), while the width is on the order of 10 cm and the length is in the meter range (actually the length is only dependent on the fact that extruders are being fed with polymer pellets). Additional samples (pure MAM and PMMA/MAM 90/10 wt% dry blends) were obtained through conventional single-screw extrusion at 225 C to characterize the as-extruded MAM morphology in bulk and blends.
Solvent cast
Thick film specimens of MAM triblock copolymer were prepared by casting from chloroform solution followed by slow solvent evaporation at room temperature to study the bulk equilibrium morphology. A 10 wt% solution of MAM in chloroform was poured in an aluminum dish covered with a glass plate to ensure a slow evaporation (~6 days). Films with a thickness of~740 mm were thus obtained. The films were then cryo-sectioned perpendicular to their surface with an ultramicrotome Leica EM FC6 at À100 C, equipped with a Diatome diamond knife at a cutting rate of 1 mm/s. AFM images were then taken on the prepared surfaces.
Spin-coating
MAM films of 45 and 110 nm thickness were obtained with a SPS 150 Europe spin-coater. Silicon wafers (2 inches diameter from Sil'tronix silicon technologies) were used as substrate, and MAM solutions in toluene at 1.5 wt% and 2 wt% were respectively spincoated at 3000 rpm and 1100 rpm with a fixed acceleration of 4000 rpm/s. The films were then annealed under vacuum up to 72 h at 170 C, a temperature between the highest T g block (97 C) and T odt (above 240 C), to characterize the confined equilibrium morphology. AFM images were taken at different annealing times to observe the MAM nano-structuration evolution.
Atomic force microscopy (AFM)
AFM tapping mode images were obtained by using a multimode microscope driven by a Nanoscope V controller (Veeco) and operated under ambient atmospheric conditions. The tips (silicon, spring constant 40 N/m, oscillation frequency ca. 300 kHz) were supplied by BudgetSensors. The tips have a curvature radius below 10 nm. Topographic, amplitude, and phase images are acquired simultaneously, the last one allowing the micro-phase separation of each polymer block to be identified. Images were recorded with a resolution of 512 Â 512 pixels and at a scan rate of 0.8 Hz. These settings yield a pixel size of 4 nm. In phase images, confining PMMA appears in gold and confined MAM appears in brown with golden spots corresponding to the PBA and PMMA blocks, respectively.
Transmission electron microscopy (TEM)
2 TEM microscopes have been used to study the morphology of MAM on the extruded films in the x axis (extrusion direction, ED) Fig. 1 . Schematic of the nanolayer coextrusion setup. and in the y axis (lateral direction, LD), so the electron beam is parallel and perpendicular to the ED, respectively. The first microscope is a Zeiss 912 U operated at an accelerated voltage of 80 kV equipped with a side-mounted 2 k x 2 k Veleta CDD camera (Olympus), and the second one is a TEM JEOL JEM-2100 operated at an accelerated voltage of 200 kV equipped with a post-column spectrometer (GIF-Tridiem, Gatan), controlled by Digital Micrograph software (versions 1.83.842, Gatan). Prior to the observation, the pre-faced samples of extruded films were immerged in a 1% RuO 4 solution produced in situ by combining sodium hypochlorite (NaClO) with ruthenium(III) chloride (RuCl 3 xH 2 O) (both from Sigma-Aldrich) for 6 h. Ruthenium tetroxide stains preferentially the PBA block, giving darkest colors in the TEM analysis [52] . The PMMA is less reactive to RuO 4 and appears transparent, thus brighter in the images. The PBA rubbery phase is crosslinked by staining which allows cutting at room temperature [53] . The stained samples were then sectioned perpendicular to their surface with an ultramicrotome 2088 Ultrotome V (LKB) equipped with a Diatome diamond knife at a cutting rate of 1 mm/s. Thin slices of 70e80 nm were obtained and placed on TEM grids for observation. At least 15 images were collected from different slices for each film, at different magnifications (from Â2400 leading to image sizes of 25e100 mm 2 to Â10600 leading to image sizes of 0.04e0.25 mm 2 ).
Small angle X-ray scattering (SAXS)
SAXS measurements of the extruded films in the x, y (extrusion and lateral directions respectively, as defined in the previous section), and z (transverse direction, TD) axes were performed on the high brilliance SWING beam line at the Soleil Synchrotron facility, with a monochromator set at 12 keV [54] . Using a CCD detector at 2 m from the sample, diffraction patterns were recorded for By using Foxtrot software, 1D SAXS curves were obtained by circular averaging of the full 2D images (0e360 ), and for some nonisotropic patterns by averaging ± 45 of the horizontal and vertical axis. 10 images were recorded for each sample and 1D curves were averaged in order to obtain 1 curve for each sample.
Complementary experiments were obtained with a lab SAXS system from Xenocs. The apparatus consists of an X-ray source using a copper anode Ka radiation, the wavelength being 1.54 Å, a monochromator, a collimator, a specimen chamber, a MAR300 2D detector, and a computer equipped with the MAR300 software. The sample-to-detector distance was 1252 mm. Silver behenate standard reference material was used for sample-to-detector distance calibration. The exposure time was 15000 s. The 2D patterns were also treated using Foxtrot software. The 2D X-ray diffraction patterns were integrated along the azimuthal direction from isotropic samples.
Results
Let us first characterize the MAM equilibrium morphology both in bulk and thin films.
MAM bulk equilibrium morphology obtained from long annealing of solvent cast films (slow evaporation of the nonselective solvent) is then shown in Fig. 2a (and a') . It reveals a majority of isotropic growing lamellae cut parallel to their normal direction (golden strokes in the figure) . The corresponding SAXS pattern can be found in supporting information ( figure SI-2 ). This 1D profile shows slight Bragg peaks at relative positions of 1q, 2q, and 3q, suggesting also a lamellar disposition.
The confined MAM equilibrium morphology in spin-coated thin films with 45 nm and 110 nm thicknesses annealed for 72 h at 170 C under vacuum is shown in Fig. 2b (and 2b' ) and 2c (and 2c'). 72 h annealing under vacuum was chosen for the characterization of the equilibrium morphology but note that after roughly 12 h, the AFM images at different times do not display significant differences with each other. The 45-nm film shows, as in the bulk, a majority of lamellae, in this case oriented perpendicular to the surface, along with isolated point defects, which can be attributed to disclinations and dislocations [55, 56] . The length of the vertical lamellae (strokes) can also be greatly impacted by the dispersity, which is known to influence the interfacial curvature [11] , and thus, the defect density [57, 58] . For this industrial copolymer which shows relatively high dispersity, it is not surprising to observe short length strokes. The thicker film (Fig. 2c) shows the typical island-and-hole morphology encountered with lamellar block copolymers [5] , when the thickness is incommensurate with the lamellar period of the block copolymer. The transition region between two different heights of oriented parallel-at-surface lamellae shows well-defined perpendicular-at-surface lamellae to accommodate the transient step. Even though it is often observed that lamellar diblock copolymer would favor parallel lamellae in thin films to accommodate the substrate/film interface, the perpendicular orientation would appear when triblock analogues are used, especially if the surface energies of the blocks are similar [59] .
According to these results, we can assume that the studied MAM copolymer shows mainly a lamellar morphology. We may also note that, using an estimated value for c MAM (~0.03) [9] a cN close to 10 is obtained, placing the MAM close to the lower limit of cN where metastable states (such as HML and HPL morphologies) have been observed experimentally [29] .
We will now discuss the as-extruded, without annealing, out-ofequilibrium morphologies obtained in the nanolayer films (due to the extrusion shear flows and relatively fast cooling using the chill rolls). MAM was successfully coextruded below its T odt with PMMA as a confiner. Continuous layers were obtained with different thicknesses by varying both the number of LME and Dr. The theoretical MAM layer thickness can be determined knowing the total thickness of the film (varied by changing the draw ratio), the volume fraction of the two polymers and the number of MAM layers (varied by changing the number of LMEs), according to the equation:
Films with targeted theoretical thicknesses varying from 30 to 500 nm for the confined layers were prepared. The mean experimental layer thickness has been obtained by measuring roughly 5e10% of the MAM layers within the films either using AFM (Fig. 3a) or TEM (Fig. 3b) .
The results are summarized in Table 1 . The mean experimental thicknesses varied from 30 to 470 nm, with values within 11% of the targeted theoretical ones. This small deviation between mean experimental and theoretical layer thickness may either be due to slight changes in the extruders throughput during extrusion (which will modify the film composition) and/or to the sampling size (i.e. the number of layers measured in the sample compared to the total number of layers) used to determine the mean, as discussed in a previous study [60] . Still, there is a satisfactory agreement between the (targeted) MAM theoretical layer thickness and the mean experimental one for all the samples studied. Then, some heterogeneity in terms of individual layer thicknesses within the sample (standard deviation from the mean in the 15e20% range except for the layers thicker than 250 nm where standard deviation is close to 30%) has been observed (see also Fig. 3) and was attributed by Korley [42] to the effects of elasticity of the BCPs extruded below T odt .
Due to the rubbery phase, sample cutting at room temperature did not allow the observation of the triblock morphology within the layers via AFM. However, staining crosslinks the rubbery phase (see Materials & Methods) which makes it possible to characterize these morphologies with TEM (see Fig. 3 ).
The triblock morphologies of the as-extruded films (without annealing, i.e. in an out-of-equilibrium state) in the confined layers were then closely observed by TEM (Fig. 4 and figure SI-3) .
Strikingly, a cylindrical morphology (PMMA cylinders) oriented in the extrusion direction can be identified (white dots in the extrusion direction, white lines in the lateral direction). Few articles report such shear-induced transition that could be favored by the high dispersity, which induces interfacial curvature [9] . HPL and HML morphologies are sensitive to shearing and would favor the appearance of cylinders, especially close to the order-disorder transition [30, 31, 61] . The cylinders are more oriented near the edges of the PMMA layers (i.e. at the interface between MAM and PMMA). This orientation decreases in the center of the layers when these layers are thick enough (a100 nm). The thickness of the confined layers and the subsequent typical number of BCPs domains within a layer can be tuned either by changing the number of LMEs and/or Dr. At high draw ratios, layers (which will eventually break up, see Fig. 4b2 ) containing one nanodomain can be obtained (see Fig. 4a2 and b2) .
This relatively well-defined cylindrical morphology is fairly different from what can be observed for other as-prepared MAM samples. For example, AFM image in figure SI-4a shows the bulk morphology of a pure MAM obtained through single-screw extrusion without annealing. Though phase separation is visible, no typical morphology pattern can be identified, probably due to the short processing time (~3 min) and the relatively low processing temperature compared to T odt . This phase separation with no clear morphology can also be observed in classically extruded (singlescrew) dry blends of PMMA and MAM, similar, but at a smaller scale, to the micro-structure of high-impact polystyrene (see figure  SI-4b) . MAM spin-coated thin films, when non-annealed, also display a disordered morphology ( figure SI-4c) .
To confirm these TEM observations, SAXS analyses were performed on the nanolayered samples in the 3 directions (Fig. 5) . Fig. 4 . TEM cross-section images of nanolayered films showing the triblock copolymer morphology in x and y directions in films with (a) 513 and (b) 1025 layers, from (a1)(b1) thicker to (a2)(b2) thinner layers thicknesses (scale bar ¼ 100 nm). The contrast is induced by staining (RuO 4 preferentially stains the butyl acrylate block, which appears dark in the micrograph). Fig. 5a1 shows typical anisotropic patterns in the x, y, and z directions. The concentrated intensities at the equatorial and at the pole for the TD (transverse direction) and the LD (lateral direction) patterns, respectively, show that linear objects are aligned in the flow direction. As for the ED (extrusion direction) pattern, the hexagonal (more or less circular) pattern indicates a hexagonal symmetry. This confirms the TEM observations: the block copolymer in the extruded films shows a cylindrical morphology with cylinders oriented in the extrusion flow [62] . Patterns in the z-direction show a better alignment of cylinders when the layer thickness decreases (at high draw ratios) independently of the number of layers inside the film (513 or 1025 layers obtained using 8 or 9 LME, respectively). Two well-defined spots can be observed on the equatorial line, left and right from the center beam, for thinner layers (TD of Fig. 5a2 and b2 ). These spots are less visible and more diffuse for thicker layers (TD of Fig. 5a1 and b1) . Patterns in the x-direction show a hexagonally-packed cylindrical array well defined for thicker layers, for both 8 and 9 LME films (ED of Fig. 5a1 and b1 ). Six spots separated by 60 are visible with two of them located at meridional line, pointed by black arrows in the same figure. This array is less visible when the layer thickness decreases because of the confinement and the number of scattering objects in each layer falling to a lower amount (ED of Fig. 5a2 and b2) .
Patterns in the y-direction also show a better alignment of cylinders when the layer thickness decreases. Two spots on each side of the meridional line of the center beam appear better defined for thinner layers (LD of Fig. 5a2 and b2 ) than for the thicker ones (LD of Fig. 5a1 and b1) . However, this effect is more pronounced for the 9 LME films because of the better alignment induced by a higher degree of confinement.
Differences between films presenting similar MAM confinement but obtained through different processing routes (by changing the number of LME and the Dr) were observed in the SAXS experiments. 1D scattering profiles of such films are showed respectively in Fig. 6a and b. Spectra of films with different processing conditions but similar layer thicknesses are plotted using the same color code (as showed in Table 1 : 8 LME, Dr ¼ 4 and 9 LME, Dr ¼ 1 leading to layer thicknesses on the order of 200 nm appear in red; 8 LME, Dr ¼ 10 and 9 LME, Dr ¼ 4 leading to layer thicknesses close to 85 nm appear in blue).
Second order cannot be easily characterized on the SAXS spectra, even though mild shoulders around 2q are more visible for thicker layers. Similar profiles have been obtained for BCP confined with nanolayer coextrusion [63] . Besides, as shown by Ruzette et al. [9] , SAXS profiles of disperse MAM morphologies with curved interfaces only indicate a liquid-like ordering state of microdomains with a main scattering peak followed by a broad shoulder around 2q.
Nonetheless, several results can be extracted from the spectra. First, for a given BCP layer thickness, it seems that in the 1025-layers films (obtained with 9 LME), the BCP is more sensitive to confinement. By comparing these distances for 513-layers (8 LME) and 1025-layers films at medium degree of confinement (red lines), the average cylinder-cylinder distance (d ¼ 2p/q) values are identical for the two samples, both in lateral direction (LD) (d L ¼ 30 nm) and transverse direction (TD) (d T ¼ 32 nm). However, for a higher degree of confinement (blue lines), d L evolves when comparing 8 LME and 9 LME films, decreasing from 30 to 28 nm respectively for LD while d T increases from 32 to 34 nm for TD.
This change with Dr in both TD and LD for the 1025-layers films (9 LME) is even more pronounced at the highest degree of confinement. d L decreases by 16% (from 31 to 26 nm) as Dr increases from 1 to 10. On the contrary, d T increases by 17% (from 32 to 38 nm) as Dr increases from 1 to 10. This could be explained by a confinement effect as represented in Fig. 6c . It should be pointed out that the 8 LME films never reach these highly confined states (even at high Dr). The minimum BCP average layer thickness is only 91 nm at Dr ¼ 10, whereas for the 9 LME films, it can be as low as 31 nm which is obviously lower than a hexagonal packing cell. This may partially explain why the peaks shift for the 9 LME films whereas they remain still for the 8 LME films. Such modifications in the packing due to confinement was observed for other BCP morphologies, such as spheres [64] , cylinders [65] or lamellae [66] , when confined in thin films showing terracing phenomenon. In spin-coated [65, 66] or dip-coated [64] films, as-cast, after annealing or confined between two flat solid surfaces, this phenomenon is related to the thickness of the film being incommensurate with the domain periodicity. It induces a frustration when the film thickness is slightly different from the bulk equilibrium periodicity, which causes a geometrical change in the morphology packing. As the thin film thickness is increased, this stress is released to the point where the periodic distance reaches that of the bulk [65] . Here, the morphology packing appears to be impacted by the confinement, as the BCP layer thickness decreases (i.e., the Dr increases), which translates into higher and lower values for d T and d L , respectively.
These results show that both morphology orientation and order are influenced by the processing parameters even when similar confinement is considered. This is confirmed by measuring the Herman's orientation factor on the TD patterns, as seen in Fig. 7 .
The orientation factor for a perfectly oriented cylindrical system should be 1, and 0 for an isotropic system (see details in SI). Though a too quantitative interpretation of this analysis may be questionable (small deviations in the SAXS baseline signal may for example have an influence on the final value of the orientation factor), it is observed that the orientation factor remains almost unchanged (around 0.6) with the layer thickness for the 8 LME films, while it increases from roughly 0.4 to 0.7 as the layer thickness decreases for the 9 LME films.
It appears that the 9 LME films are somewhat more sensitive to the stretching induced by drawing than the 8 LME films. According to the thicknesses measured via AFM, the BCP layers in the 9 LME films may be closer to the BCP natural periodic length, especially at higher Dr. Nonetheless, layer instabilities more often observed with 9 LME films could result in a lower value of the orientation factor at low Dr (0.4 vs. 0.6 for films obtained with 8 LME). But as the draw ratio increases, the combination of stretching and confinement (more pronounced with 9 LME films) could lead to an increase in the orientation factor not observed for 8 LME films. Such increase in Herman's orientation factor as a function of the average layer thickness for 8 and 9 LME films in the transverse direction. SAXS patterns of these films are also shown for same direction. the orientation factor as the layer thickness decreases has also been observed on PS/SEPS systems [42] .
Conclusion
In this study, films containing alternated layers of a MAM triblock copolymer and PMMA were successfully extruded through nanolayer coextrusion and characterized thoroughly through AFM, TEM, and SAXS experiments. The MAM layer thickness has been successfully tuned from roughly 30 nm to 500 nm, by changing the number of LME and/or Dr. Even though a lamellar morphology was characterized at equilibrium for the triblock copolymer both in bulk and thin films, a cylindrical morphology appears to be prominent in the extruded films, irrespective of the MAM layer thickness, with a mean cylinder-to-cylinder distance close to 30 nm. We suspect the high dispersity of the copolymer, the relatively low molecular weight (the copolymer being close to its ODT) as well as the shear are responsible for favoring this cylindrical morphology over the lamellar one. Confinement via a "soft" interface (PMMA being miscible with the MAM endblocks) plays a role in the cylinders arrangement but the exact role in the morphology change remains an open question: though no clear morphology is identifiable in as extruded bulk MAM, cylinders are observed in relatively unconfined -~500 nm-layers in the nanolayered films. Nonetheless, the confinement induces geometric changes in the cylinder ordering, forcing the cylinders to align with the layer interface in the extrusion direction as the thickness of the layer is reduced. It is also shown that different processing routes leading to similar layer thicknesses will slightly influence the cylinder ordering as well, by deforming the hexagonal packing. We believe these results showing a control of the (as-extruded) block morphology via nanolayer coextrusion may be of interest for applications such as mechanical reinforcement of thermoplastics through the addition of BCPs with soft blocks, where no morphology control can be easily achieved via classical processing tools.
